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Available online 3 September 2016P. haitanensis is one of themost important economic macroalgae and has great potential as a biofuel or in carbon
sequestration. Under both natural and ﬁeld culturing conditions, P. haitanensis regularly experiences desiccation-
rehydration cycles. To investigate the mechanisms of desiccation tolerance, a comparative proteomic analysis
was performed using P. haitanensis strain Z-61 blades at 5 different water loss rates followed by a half hour rehy-
dration. Brieﬂy, 100 differentially expressed protein spots were identiﬁed, with the largest protein grouping re-
lating to photosynthesis and energy metabolism. By integrating photosynthetic physiologic performance and
proteomic proﬁle analyses, we found that P. haitanensismainly resists desiccation stress by inhibiting photosyn-
thesis and energy metabolisms, as supported by reduced associated protein expression and reduced maximum
(Fv/Fm) and effective (Y(II)) photochemical quantum yield of photosystem II (PSII). Meanwhile, the expression
levels of most of the other identiﬁed differentially expressed proteins were also down-regulated and related to
nitrogen, amino acid and protein metabolism, cytoskeleton, transcription and translation, chaperone and fatty
acid metabolism. Furthermore, in response to rehydration, the strategy of P. haitanensis to restart its normal
life activities was to preferentially recovery the expression levels of proteins relating to photosynthesis and en-
ergy metabolisms.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Desiccation is a double-edged sword for Pyropia aquaculture, pre-
sumably impacting many metabolic processes, but has been applied as
a key technique in Pyropia ﬁeld aquaculture during the past 50 years.
In 2013, the culturing area of Pyropiawas about 60,000 hm2 [1], making
it one of the biggest artiﬁcial marine ecological experiments in the
world. Pyropia haitanensis is an economically important marine crop
with a total annual harvest of about 66,000 t (dry weight) in Fujian
and Guangdong provinces of China at 2013 [2]. While P. haitanensis is
native to the subtropical zone, within the Fujian province of China,
and grows in a harsh intertidal habitat, it has been successfully farmed
in the temperate zone within the northern Jiangsu province. Due to
the higher production of P. haitanensis when compared with
P. yezoensis, increased market demand and widespread use of seedling
freezing and storage technology, the culturing area of P. haitanensis is
likely to experience a substantial increase in the near future.
Recently, seaweed has been recognized as an important marine or-
ganic carbon sequestration and carbonate reservoir [3,4]. During the
past 50 years, the seaweed industry has endeavored to collect and pre-
serve wild germplasms, breed new varieties with strong economicersity, Xiamen 361021, China.
. This is an open access article undertraits, apply research ﬁndings pertaining to seedling rearing, study
ﬁeld culturing technologies and harvest machinery and explore tech-
nologies associated with food and chemical industries. Collectively,
these efforts make seaweed more attractive than other algae when it
comes to uses such as biofuels or carbon sequestration.
Pyropia prefer to inhabit in the intertidal zones, where they are reg-
ularly submerged in seawater and exposed to air during high and low
tides. Due to the mismatch of tide cycle and daily light/dark cycles,
crops are occasionally exposed to air for N6 h, which results in up to a
90% water loss [5,6]. Due to these growing conditions, Pyropia have
evolved efﬁcient mechanisms to resist desiccation, with possibly an
even higher desiccation tolerance than other competitors such as dia-
toms, Ulva prolifera, Ulva lactuca, etc. This is why “dry out” (artiﬁcial
emersion) has become one of the most important techniques for im-
proving Pyropia production during the past 50 years [7]. Therefore, in-
vestigating the mechanisms of P. haitanensis desiccation tolerance
could further enhance cultivation and yields and contribute to applied
research.
While several studies have tried to explain the mechanisms behind
desiccation tolerance by examining antioxidant systems [5,8], water
loss prevention by osmoregulation [9–11], heat shock proteins [12],
photosynthetic carbon ﬁxation [10,13,14], etc., it becomes clear that
many complex cellular processes are involved, which makes broad
scale gene and protein expression of interest. To this end, one studythe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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desiccation and normal condition [15].While these ﬁndings are insight-
ful, several studies have found that transcriptional changes often do not
correspond to protein expression levels [16–18]. Proteins act as cellular
“hardware,” executing life activities such as mediating biochemical re-
actions, serving as components of light harvest complexes, regulating
transcription and translation, cell movement, storage, cytoskeleton,
etc. Therefore, to comprehensively understand the mechanisms of
P. haitanensis desiccation tolerance, observations should integrate tran-
script, protein, metabolite and physiologic examination.
Current proteomic technologies have enabled comparative proteo-
mics to be utilized as a powerful tool enabling the identiﬁcation of dif-
ferentially expressed proteins in response to abiotic stresses.
Therefore, this approach was used in the present study as a means to
better understand the molecular mechanisms behind desiccation toler-
ance at the proteomic level. As for P. haitanensis, we previously devel-
oped effective methods for protein isolation and 2-dimensional gel
electrophoresis (2-DE) separation [19,20]. The goal of the present
study was to identify differentially expressed proteins relating to
P. haitanensis Z-61 desiccation response using 2-D PAGE gel electropho-
resis, mass spectrometry and database searching.
2. Materials and methods
2.1. Materials and stress treatment
Pyropia haitanensis strain Z-61 was selected by the Laboratory of
Germplasm Improvements and Applications of Pyropia in Jimei Univer-
sity, Fujian, China. Bladeswere cultured in Provasoli's enriched seawater
(PES)mediumwith 12h light (50 μmol photonsm−2 s−1)/12 h dark cy-
cles at 21 °C,with themedium changed every three days. Healthy blades
with a length of ~25 cm were randomly selected and the desiccation
levels set at 5 different water loss rates (0, 10%, 40%, 60%, and 90%),
with rehydration performed by submerging the blades for 30 min
after the water loss reached 90%. The experimental temperature was
held constant for both the desiccation and rehydration treatments,
with water loss rates calculated as previously described [5].
2.2. Chlorophyll ﬂuorescence measurement
Fluorescence parameters were determined with a pulse amplitude
modulated ﬂuorometer (DIVING-PAM, Walz, Effeltrich, Germany).
Dark adapted (20 min) P. haitanensis Z-61 blades were used to mea-
sure the intrinsic ﬂuorescence (F0) and maximum ﬂuorescence (Fm)
was measured using a 0.8 s saturating white light pulse of
4000 μmol photons m−2 s−1 in the presence of the measuring light
of 0.15 μmol photons m−2 s−1. The maximum photochemical quan-
tum yield of PSII (Fv/Fm) was calculated as Fv/Fm = (Fm − F0) ∕ Fm.
The effective photochemical quantum yield of PSII, Y(II), was deter-
mined by measuring the instant maximal ﬂuorescence (Fm′) and
the steady state ﬂuorescence (Ft) of light adapted blades. Y(II) was
estimated as: Y(II) = (Fm′− Ft) ∕ Fm′.
2.3. Protein extraction and puriﬁcation
Protein extraction was performed according to Saravanan and Rose
(2004) withmodiﬁcations [21]. Fresh blade tissues (0.1 g) were ground
in the presence of liquid nitrogen and homogenized in 10 mL of cold
protein extract buffer (10 mL acetone, 10% trichloroacetic acid, 0.07%
β-mercaptoethanol (βME)) with 20 mg polyvinylpyrrolidone at
−20 °C for 2 h. After centrifugation at 15,000 ×g for 10 min at 4 °C,
the supernatant was discarded and the pellet was rinsed three times
in ice-cold acetone (including 0.07% βME). This process was repeated
until the supernatant was clear and then the pellets were dried and
stored at −20 °C. Five milliliter lysis buffer (7 M urea, 2 M thiourea,
40 mM Tris base, 4% 3-[(3-cholamidopropyl)-dimethylammonio]-propanesulfonate, 2% immobilized pH gradient (IPG) buffer (pH ~ 3–
10) and 65mMdithiothreitol (DTT)) was used to resuspend the pellets
and the samples were vortexed for 1 h at room temperature. The ho-
mogenate was then centrifuged at 15,000 ×g for 20 min at room tem-
perature and the supernatant was collected for 2-DE analysis.
2.4. 2-DE and data analysis
Protein samples (250 μg) were loaded onto immobilized IPG strips
(GE Healthcare; pH 4–7, 24 cm linear) and rehydrated passively with
450 μL protein solution for 12 h at 20 °C using an Ettan IPGphor system
(GE Healthcare). This study chose pH 4–7 IPG strips based on previous
ﬁndings [20] where pH 4–7 IPG strips separated more proteins than
pH 3–10. Isoelectric focusing included six steps: 100 V for 1 h, 200 V
for 1 h, 500 V for 1 h, 1000 V for 1 h, 8000 V for 2.5 h and 10 h at
8000 V (total ~ 80 kVh). Next, focused strips were equilibrated twice
in equilibration solution for 15 min as previously described [19]. An
Ettan DALTsix electrophoresis system (GE Healthcare) was used for
the second dimension, with 12% SDS–polyacrylamide gels used to sepa-
rate the proteins. The proteins in the gels were visualized using silver
staining, scanned at 300 dpi using a GE image scanner and analyzed
using Image Master 2D Platinum software version 6.0 (GE Healthcare).
Protein spot abundanceswithin the gelwere evaluated as a volume per-
centage (vol%) of the total spot densities.
2.5. Protein excision and digestion
Target protein spots were manually cut from the 2-D gels with a
scalpel and washed twice with 70 μL deionized water. Gel slices were
destained two times with 100 mM NH4HCO3 in 30% acetonitrile (ACN)
and lyophilized (16 h), then digested (16 h) with trypsin (Promega,
USA) in 25 mM NH4HCO3 containing 10% ACN at 37 °C. The peptides
were extracted three times with 0.1% triﬂuoroacetic acid (TFA) in 60%
ACN, pooled and lyophilized for mass spectrometry (MS) analysis.
2.6. MS analysis and database searching
MSanalysiswas performedusing amatrix-assisted laser desorption/
ionization–time–of–ﬂight mass spectrometer 4800 Plus proteomics an-
alyzer (Applied Biosystems, USA). Positive ion reﬂector mode (acceler-
ating voltage 20 kV) was used to generate peptide mass maps. GPS
Explorer (V3.6, ABI)was performed for further processing and interpre-
tation of the MS/MS spectra. MS/MS data matches in the P. haitanensis
transcript database and public databases (NCBI, MSDB and Swiss-Prot)
were determined using MASCOT V2.1 software (Matrix Science, UK).
Search parameters were set as follows: proteins digested by trypsin,
only equal or less than twomissed cleavages allowed, carbamidomethyl
(Cys) was chosen as a ﬁxed modiﬁcation and oxidation (Met) was the
variable modiﬁcation, peptide mass tolerance was set up to 70 ppm
and the general fragment mass tolerance was ±0.25 Da. Based on the
search engine parameters, scores larger than 65 were considered posi-
tive. An approximate theoretical isoelectric point and proteinmolecular
weight were determined using regressed dissociation constants, with
experimental values calculated based on the amino acid composition.
2.7. Statistical analyses
Statistical analyses were performed using SPSS 17.0. One-way
ANOVA tests were used to analyze the effects of desiccation and rehy-
dration. Six biological replicates were used for measurements of Fv/Fm
and Y(II), while 3 biological replicates were used for other measure-
ments. A least signiﬁcant difference (LSD) post-hoc test was chosen to
analyze signiﬁcant differences among the treatments. Statistical signiﬁ-
cance was deemed to be p b 0.05, with protein expressional differences
considered signiﬁcant and biologicallymeaningless if at least a two-fold
reproducible change in vol% (p b 0.05) was found between treatments.
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3.1. Effects of desiccation and rehydration on photosynthesis
In P. haitanensis at a water loss rate of about 60%, the effects of des-
iccation were seen both in the maximum (Fv/Fm), which decreased by
21% (p b 0.001), and the effective (Y(II)) photochemical quantum
yield of PSII, which decreased by 29% (p b 0.001), relative to the control
(Fig. 1). At a water loss rate of 90%, Fv/Fm decreased by 89% (p b 0.001)
and Y(II) decreased to 0 (p b 0.001), thus indicating that the photosyn-
thetic activitieswere strongly inhibited. However, P. haitanensis exhibit-
ed a fast recovery ability. Just after a half hour rehydration, Fv/Fm and
Y(II) recovered to 79% (p b 0.001) and 60% (p b 0.001) of the levelswith-
out desiccation.
3.2. 2 DE analysis of P. haitanensis proteins expressed under desiccation and
rehydration
To study the dynamic changes in protein expression in response to
desiccation, soluble proteins from Z-61 blades at different water loss
rates (0%, 10%, 40%, 60% and 90%) and after a half hour rehydration
were extracted and analyzed by high-resolution 2-DE, with representa-
tive 2-DE gel maps shown in Fig. 2. Protein spots with reproducible pat-
terns were identiﬁed and analyzed. When compared with a water loss
rate of 0%, 100 differentially expressed proteins (DEPs) relating to des-
iccation and rehydration were identiﬁed (Fig. 3). Red circles were
used to mark the protein spots which were differentiating from the
non-dessicated case (Fig. 2).
Among the 100 DEPs, 68 were successfully identiﬁed using MASCOT
and database searching. Moreover, different spots located at different
positions on the same gel can be identiﬁed as the same proteins based
on sequence analysis. Of interest were cysteine synthase (spots 40 and
42, Table 1), phycoerythrin beta subunit (spots 54 and 55), HSP70
(spots 4 and 9), alanine-glyoxylate transaminase (spots 59 and 60), eu-
karyotic translation initiation factor 5A-4 (spots 69 and 78), beta-
hydroxy-acyl-ACP dehydratase (spots 88 and 99), glyceraldehyde-3-
phosphate dehydrogenase (spots 77 and 100), glutamine synthetase
(spot 74) and glutamine synthetase II (spot 76), fructose-1,6-
bisphosphatase (spot 23 and spot 31) and fructose-1,6-bisphosphate al-
dolase (spot 34 and spot 35). This kind of phenomenonmight be due to
the molecular weight and/or charge differences, possibly due to post-
translational modiﬁcation or degradation. The identiﬁed proteins were
divided into 9 categories based on their functions (Fig. 4), with the 2
largest categories being photosynthesis and energy metabolism (28%)
and nitrogen, amino acid and protein metabolism (24%). Moreover,Fig. 1. Maximum (Fv/Fm) and effective (Y(II)) photochemical quantum yield of PSII
changes in P. haitanensis under different dehydration levels at 21 °C (mean ± SD, n= 6).there was a large group of proteins (16%) identiﬁed as having an un-
known function.
After removing DEPswith b2 peptidematches, 39 DEPs were select-
ed for further examination, to include molecular weight, isoelectric
point and expression level changes (Table 1). Most of these DEPs
showed very close theoretical and experimental values in both their iso-
electric points and molecular weights. Among these DEPs, four distinct
expression patterns were noted under different desiccation levels or re-
hydration. Among the 30 DEPs down-regulated due to desiccation, 19
recovered after the half hour rehydration, while the other 11 did not re-
covery. The remaining 9 DEPs were up-regulated during desiccation,
with 6 of the 9 maintained at high expression levels after rehydration,
while the others returned to normal levels.
4. Discussion
4.1. Photosynthesis and energy metabolism-related proteins
The present study analyzed the blade proteome of P. haitanensis
under different desiccation levels followed by a half hour rehydration.
Sixty-eight proteins were observed to be differently expressed, with
the largest grouping relating to photosynthesis and energy metabolism
and comprising 20 DEPs. Similarly, when exploring P. columbinameta-
bolic pathways involved desiccation tolerance, 28% of differential
expressed transcripts were associated with photosynthesis and energy
metabolism [22]. Furthermore, the response patterns of several impor-
tant proteins were consistent with the maximum and effective
photochemical quantum yield of PSII and included H+/Na+-ATPase,
phosphoglycerate kinase, transketolase, fructose-1,6-bisphosphatase,
cytosolic malate dehydrogenase, fructose-1,6-bisphosphate aldolase,
ribose-5-phosphate isomerase, allophycocyanin alpha subunit and phy-
coerythrin beta subunit (Fig. 1; Table 1). As an autotrophic alga,
P. haitanensis uses photosynthesis to convert light into chemical energy.
Photosynthetic carbon reduction during the Calvin cycle utilizes the
products of the light reactions of photosynthesis, ATP and NADPH, to
ﬁx atmospheric CO2 into organic carbon skeletons that are used directly
for starch and sucrose biosynthesis [23]. In this study, P. haitanensis
mainly coped with desiccation by reducing light absorption and Calvin
cycle activity.
Photosynthesis is initiated by the absorption of light, with
phycobilisomes (PBSs) used as the major light harvesting complexes
of Pyropia [24]. Xu et al. (2014) investigated the effects of high temper-
ature on the same strain of P. haitanensis and found Fv/Fm decreased by
32%, with 5 of the identiﬁed protein spots relating to light harvesting
complexes [19]. Among those 5 spots, 2 major PBS proteins, phycocya-
nin and allophycocyanin, were up-regulated by the high temperature,
while the phycobilisome linker polypeptide was down-regulated,
which could disturb the stability of PBSs. In the present study, Fv/Fm
and Y(II) were strongly inhibited by desiccation, with Fv/Fm decreased
by 89% at a water loss rate of 90% and Y(II) deceased to 0 at a water
loss rate equal to or larger than 80%. The negative effects of desiccation
on phycobilisomes were detected at 3 protein spots, to include 1
allophycocyanin alpha subunit and 2 phycoerythrin beta subunits. The
different responses to high temperature and desiccation in
P. haitanensismay reﬂect the adaptation and coping strategies associat-
ed with these two kinds of stresses. While substantial temperature in-
creases are mainly attributed to changing seasons and seawater
movements, desiccation is determined by day/light cycles, tide cycles
and region and growth position within the intertidal zone. So, the cu-
mulative time of a temperature increase is generally in days while des-
iccation occurs for hours at a time, thus requiring P. haitanensis to
quickly restart photosynthesis once re-submerged into seawater. This
idea is consistent with the fast recovery of Fv/Fm, Y(II) and several im-
portant proteins involved in PBSs, Calvin cycle and energy metabolism.
Therefore, these reasons may explain the different effects of high tem-
perature and desiccation on phycobilisomes.
Fig. 2. Representative 2-DE maps of P. haitanensis thallus proteins under different dehydration levels.
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higher energy levels to cope [19]. Thismay explain the increasedATPase
(spot 15) at a water loss rate of 45%, while the phycobilisomes were not
affected, and Fv/Fm and Y(II) were only slightly inhibited at all following
dehydration. However, when photosynthesis was strongly inhibited by
extreme desiccation and recovered by rehydration, the ATPase expres-
sion levels showed an opposite response, which may have been
attributed to the decreased ATP production via photosynthesis. Further-
more, isocitrate dehydrogenase (IDH, spot 27) expression levels abrupt-
ly increased at a water loss of 90%, but returned to normal levels
following rehydration. IDH is also a key enzyme in energy metabolisms
and catalyzes NADPH or NADH formation in the TCA cycle. These
ﬁndings would suggest that the observed alteration in IDH expression
may be attributed to ATPase being unable to meet energy requirementsduring extreme desiccation, but this presupposition would require fur-
ther examination.
Many intertidal macroalgae exhibit increased photosynthetic rates
during moderate desiccation when compared with a fully hydrated
state, which can be attributed to the diffusive resistance to atmospheric
CO2 being lowered by removing seawater from the blade surface [25,
26]. But this kind of phenomenon was not found in P. haitanensis [14],
which is consistent with our ﬁndings when examining PSII. Under des-
iccation conditions, the algae blades were exposed to air and without
seawater on the surface, thusmaking CO2 the only source for photosyn-
thetic carbon ﬁxation. However, carbonic anhydrases (CAs) protein
(Table 1) and gene [27] expression levelswere increased by desiccation.
Algae, including red algae, generally use CA to convert HCO3– to CO2
which is the substrate for Rubisco [28,29]. Therefore, the increased CA
Fig. 3. Distribution of differentially expressed proteins (spots circled in red) in a
representative 2-DE map at a water loss rate of 0%.
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desiccation. While it is known that the CO2 diffusion rate in air is far
larger than in seawater [30], knowledge is limited on the CO2 diffusion
efﬁciency when cells are experiencing plasmolysis during desiccation.
A terrestrial cyanobacterium, Nostoc ﬂagelliforme, showed similar
amounts of intercellular CA activity in its natural dry colonies compared
with a hydrated state, with intercellular CA activity strongly decreased
and increased during re-dehydration cycles which occur when the ex-
ternal pH is alkaline [31]. They proposed that such an “odd behavior”
of CA could short-circuit the CO2 concentrating mechanisms, thus
reﬂecting a shift between photosynthetic and non-photosynthetic
metabolism.
Fructose-1,6-bisphosphate aldolase (ALDOA) is a key enzyme in
plants and is involved in several important metabolic processes, to in-
clude gluconeogenesis, Calvin cycle and glycolysis, and catalyzes a re-
versible reaction that splits fructose 1,6-bisphosphate into the triose
phosphates dihydroxyacetone phosphate and glyceraldehyde 3-
phosphate. Furthermore, ALDOA may play an important role in
responding to salt stress, drought, temperature, Cd, etc. [32,33]. This
study found that ALDOA (spot 34) was down-regulated during strong
desiccation stress (Table 1) and recovered after rehydration treatment.
This ﬁndingwas consistent with another study that examined the same
strain of P. haitanensis and found ALDOA expression to decrease in re-
sponse to high temperature stress [19]. Aldolase has also been consid-
ered to “moonlight” or serve non-catalytic functions depending on its
binding afﬁnity withmultiple other proteins [34], with this feature pos-
sibly contributing to the different responses of ALDOA at spots 34 and
35.
4.2. Nitrogen, amino acid and protein metabolism
Nitrogen metabolism is a basic part of physiological processes, with
enzymes relating to nitrogen metabolism playing an important role in
drought stress tolerance [35]. In higher plants and algae, the ﬁrst prod-
uct of inorganic nitrogen is ammonia which is toxic to cells andmust be
rapidly turned into non-toxic organic nitrogen compounds [36,37]. This
is achieved by two highly regulated pathways: glutamate (Glu) is
synthesized by glutamate dehydrogenase (GDH) from 2-oxoglutarate
and NH4+; and the glutamine synthetase (GS)/glutamate synthase
(GOGAT) pathway, where NH4+ is ﬁrst incorporated into glutamine
(Gln) by GS and then converted with 2-oxoglutarate to Glu by GOGAT
[37]. In the present study, both GDH and GS were down-regulated
during desiccation stress (Table 1), which may be due to nitrogenmetabolism inhibition and resulted in ammonia toxicity. Moreover, an-
other pathwaywas employed to relieve the ammonia toxicity due to the
GDH expression levels not being recovered after rehydration. In this
pathway, glutamate ammonia ligase, which is able to remove ammonia
by catalyzing the synthesis of glutamine from glutamate and ammonia,
showed an increased expression in response to the ammonia toxicity.
Metalloprotease and the beta 3 proteasome subunit were down-
regulated during desiccation and reconstituted by rehydration
(Table 1), thus suggesting that proteases were inhibited and proteins
were saved for a fast recovery of photosynthetic activity following rehy-
dration. Additionally, S-adenosyl-methionine synthetase expression
was increased at a water loss rate of 90% and returned to normal levels
after rehydration. S-adenosyl-methionine synthetase is an enzyme that
catalyzes S-adenosylmethionine production by reacting methionine
and ATP and acts as a methyl donor for transmethylation. In tomato
seedlings, salt stress, mannitol or ABA treatment can result in S-
adenosyl-methionine synthetase accumulation in the roots [38]. There-
fore, the regulation of S-adenosyl-methionine synthetase should pro-
mote desiccation tolerance in P. haitanensis.
4.3. Redox homeostasis-related proteins
In P. columbina, desiccation could lead to a loss of 96% of the water
content and signiﬁcantly enhanced reactive oxygen species (ROS) pro-
duction, with levels quickly restored to basal levels following rehydra-
tion, thus speaking to the effectiveness of the antioxidant system [8].
In P. haitanensis, high level of water loss (90%) also resulted in ROS
accumulation and signiﬁcantly increased glutathione reductase activity
and ascorbate levels, but reduced glutathione [5]. In this study, 3 pro-
teins (GDP-D-mannose 3′,5′-epimerase, ascorbate peroxidase and
monodehydroascorbate reductase) involved in ascorbate metabolism
were found to be differentially expressed following desiccation treat-
ment. GDP-D-mannose 3′,5′-epimerase is a key enzyme in the biosyn-
thesis of ascorbate and its expression was signiﬁcantly increased
when the water loss rate reached 90% (Table 1).
While GDP-D-mannose 3′,5′-epimerase and ascorbate peroxidase
did not exhibit a signiﬁcant change in expression at a water loss rate
of 60%, monodehydroascorbate reductase was up-regulated [5]. Thus,
a water loss rate of 60% is not only the turning point for ROS and the an-
tioxidant system, but also a turning point for Fv/Fm, Y(II) and several im-
portant proteins, such as, cytosolic malate dehydrogenase, fructose-1,6-
bisphosphate aldolase (spot 35), ribose-5-phosphate isomerase, phyco-
erythrin beta subunit, isocitrate dehydrogenase, GDP-D-mannose 3′,5′-
epimerase, etc. (Table 1 & Fig. 1). In the Fujian province, P. haitanensis
generally grows in the middle or high intertidal zones where it can be
totally dry and out of water for N6 h, thus experiencing a water loss of
up to 90% during the lowest tide [5]. More often, P. haitanensis experi-
ences a medium desiccation (such as a water loss rate of 60%) and
may already be adapted for these conditions after a long selective
process.
4.4. Cytoskeleton-related proteins
Many abiotic stresses, such as high temperature, desiccation or
hyperosmotic stress, can induce profound changes in cytoskeletal com-
position or distribution [39]. In our previous study, three cytoskeleton-
related proteinswere found to be up-regulated in response to high tem-
perature stress [19]. While cytoskeletal recovery following stress is
thought to take 24 h or more [40], the present study noted an increased
in actin expression after a half hour of rehydration (Table 1), whichmay
have played an important role in the recovery of cellular water content.
4.5. Proteins involved in transcription and translation
The initiation phase of eukaryotic translation requires the involve-
ment of eukaryotic initiation factors (eIFs) to help stabilize the
Table 1
Identiﬁcation, functional categorization and quantitative analysis of differentially expressed proteins.
Spot
No.
Protein
score
Sequence
coverage
(%)
Peptide
matches
Theo./Exp.
Protein hits Protein identiﬁcation Changes in spot intensity
Mol.wt
(kDa) pI
Photosynthesis and energy metabolism
5 107 3 2 78.6/112.5 5.26/5.13 CL2445.Contig1_All Transketolase
23 324 16 4 43.4/46.0 5.20/4.62 CL16161.Contig1_All Fructose-1,6-bisphosphatase
25 311 20 8 46.9/48.0 5.49/5.12 CL13967.Contig1_All Phosphoglycerate kinase
31 477 26 7 39.1/40.8 5.42/5.46 CL14211.Contig1_All Fructose-1,6-bisphosphatase
32 124 13 3 33.0/40.7 5.24/6.09 CL13146.Contig1_All Cytosolic malate dehydrogenase
34 139 12 5 38.8/39.6 5.60/5.79 CL2495.Contig1_All Fructose-1,6-bisphosphate aldolase
35 442 29 6 39.3/39.3 5.43/5.81 CL2285.Contig1_All Fructose-1,6-bisphosphate aldolase
47 216 15 2 24.2/28.6 4.62/4.62 CL1231.Contig1_All Ribose-5-phosphate isomerase
52 90 9 2 17.5/15.8 5.06/5.12 CL10413.Contig1_All Allophycocyanin alpha subunit
54 355 25 3 18.7/14.7 7.49/5.21 gi90994558 Phycoerythrin beta subunit
55 201 25 3 18.7/14.1 7.49/5.23 CL1480.Contig1_All Phycoerythrin beta subunit
15 924 33 10 51.2/60.6 4.91/4.81 CL706.Contig1_All H+-or Na+-translocating f-type, v-type and A-type ATPase
superfamily
27 37 5 2 42.7/43.0 5.65/5.92 Unigene2933_All Isocitrate dehydrogenase
46 151 18 5 27.5/29.6 4.89/5.03 CL1045.Contig1_All Eukaryotic-type carbonic anhydrase
Nitrogen, amino acid and protein metabolism
17 165 6 2 49.6/52.0 5.84/6.04 CL13617.Contig1_All Glutamate dehydrogenase
24 170 17 4 38.4/45.0 5.02/4.91 CL4731.Contig1_All Glutamate ammonia ligase
26 64 7 3 47.0/47.0 5.44/5.21 CL4323.Contig1_All Glutamate-1-semialdehyde 2,1-aminomutase
40 179 20 5 38.4/36.3 5.82/5.33 CL8516.Contig1_All Cysteine synthase
42 31 6 2 38.4/34.5 5.82/5.55 CL8516.Contig1_All Cysteine synthase
59 258 15 4 42.0/44.0 6.15/6.53 CL2322.Contig1_All Alanine-glyoxylate transaminase
74 207 8 2 39.4/43.5 5.88/5.23 gi4138351 Glutamine synthetase
79 80 9 2 41.1/49.0 5.44/5.69 CL12994.Contig1_All S-adenosyl-methionine synthetase
62 311 9 3 60.5/94.0 5.18/4.97 CL6161.Contig1_All Metalloprotease
94 270 21 3 20.1/52.0 5.08/5.73 gi|14594927 Beta 3 proteasome subunit
Ascorbate and aldarate metabolism
18 304 21 8 40.0/52.0 4.87/4.69 CL15424.Contig1_All Monodehydroascorbate reductase III
33 608 35 10 37.6/39.5 5.44/5.72 CL14187.Contig1_All GDP-D-mannose 3′,5′-epimerase
68 495 29 6 27.4/50.5 5.47/4.51 gi90704781 Ascorbate peroxidase
Cytoskeletal
70 126 7 2 41.8/49.0 5.32/4.75 gi3746936 Actin 1
Associated with transcription and translation
69 196 32 3 17.5/51.0 5.46/4.53 gi3024021 Eukaryotic translation initiation factor 5A-4
78 221 32 3 17.5/48.0 5.46/5.66 gi3024021 Eukaryotic translation initiation factor 5A-4
Biosynthesis of terpenoids and steroids
(continued on next page)
203K. Xu et al. / Algal Research 19 (2016) 198–206
Table 1 (continued)
Spot
No.
Protein
score
Sequence
coverage
(%)
Peptide
matches
Theo./Exp.
Protein hits Protein identiﬁcation Changes in spot intensity
Mol.wt
(kDa) pI
88 250 13 3 26.9/131.0 9.30/4.70 gi75706918 Beta-hydroxyacyl-ACP dehydratase
99 258 13 3 26.9/41.0 9.30/5.35 gi75706918 Beta-hydroxyacyl-ACP dehydratase
Chaperone proteins
4 38 4 2 50.6/106.7 4.98/5.03 CL14566.Contig1_All Heat shock 70 kDa protein
14 522 24 6 39.2/68.6 4.65/4.73 CL2362.Contig1_All Trigger factor (TF)
58 85 17 2 13.5/12.3 5.39/6.69 CL1840.Contig1_All FK506-binding protein 1
Unknown
50 178 21 3 18.3/23.8 4.53/4.36 CL11651.Contig1_All Unknown protein
65 216 14 2 24.9/69.1 8.64/5.25 GD060486 Capsicum annuum cDNA
71 140 17 2 23.5/46.0 7.56/4.79 DC430393 Cryptomeria japonica cDNA
80 272 35 5 20.0/43.5 8.73/5.68 GR224015 Cryptomerioides Taiwania cryptomerioides cDNA
Six bars (mean ± SD, n=3) from left to right represent spot intensity of differentially expressed protein at water loss rates of 0%, 10%, 40%, 60%, 90% and rehydration. Theo.: theoretical,
Exp.: experimental, pI: isoelectric point, Mol.wt: molecular weight.
204 K. Xu et al. / Algal Research 19 (2016) 198–206formation of the functional ribosome near the start codon. The present
study found that eIF5A-4 expression was down-regulated at a water
loss rate of 40–60%, which indicates that protein synthesis was
inhibited, but at a water loss rate of 90%, the expression level was com-
parable to the control. These ﬁndings suggest that resistance and repair
mechanisms are applied under severe stress.4.6. Biosynthesis of terpenoids and steroids
Beta-hydroxyacyl-ACP dehydratase is a de novo fatty acid biosyn-
thetic enzyme that was down-regulated under desiccation and partly
recovered after a half hour rehydration. This observation suggests that
fatty acid metabolism was impacted by desiccation and requires more
time to recover when compared with photosynthesis. This seems to
be a reasonable strategy for P. haitanensis because fatty acid accumula-
tion ultimately depends on the capturing of light energy by
photosynthesis.Fig. 4. Functional categorization of the4.7. Chaperone proteins
Chaperone proteins aid in preventing aggregation or assist in the
folding or unfolding of other macromolecular structures. Five distinct
subfamilies (HSP110, HSP90, HSP70, HSP60 and sHSPs) of heat
shock proteins (HSPs) have been identiﬁed based on their molecular
weights and act as chaperones in response to high temperature [41].
Additionally, several HSPs have been found to play an important role
in protecting against desiccation damage [22,42,43]. In the present
study, HSP70 expression was signiﬁcantly increased upon reaching
a water loss rate of 90% and return to normal levels after rehydration.
This ﬁnding matched with our previous study that showed that
HSP70s played an important role only in the response to extreme
desiccation stress [12].
Trigger factor (TF) and FK506-binding protein (FKBP) are also chap-
erones. TF expression was shown to decrease following desiccation
treatments, which coincided with the responses of metalloprotease
and the beta 3 proteasome subunit. As for FKBP, it was down-successfully identiﬁed proteins.
205K. Xu et al. / Algal Research 19 (2016) 198–206regulated at water loss rate of 90% and quickly recovered to normal
levels during rehydration.
4.8. Proteins with unknown function
At least 20% of all protein domains were identiﬁed as “domains of
unknown function”, withmany of these protein domains shared by bac-
teria and eukaryotes [44]. In P. haitanensis, a higher GC content (about
65% in the transcriptome)makes it difﬁcult to explore protein functions
[15]. So, it is not surprising that 16% of the proteins identiﬁed had un-
known functions.
5. Conclusions
The comparative proteomic analysis presented in this study identi-
ﬁed stress-responsive proteins from blades under desiccation stress.
Our results suggest that Z-61 P. haitanensis blades resist desiccation
stress mainly by inhibiting photosynthesis and energy metabolisms, as
supported by the changed expression levels of relative proteins and
photosynthetic ﬂuorescence parameters. Concurrently, other DEPs re-
lated to nitrogen, amino acid and protein metabolism, cytoskeleton,
transcription and translation, chaperone and fatty acid metabolism
were also down-regulated to promote survival while under desiccation
stress. Additionally, the strategy for P. haitanensis to restart its normal
life activities following rehydration begins with the preferential recov-
ery of proteins relating to photosynthesis and energy metabolisms.
Photosynthesis is the driving force behind algal growth and produc-
tivity, with desiccation being found to negatively impact photosynthesis
both in this study and previous studies [10,13,14]. However, the
desiccation-rehydration cycles that are experienced when living at
mid- and high-tidal zone have selectively given P. haitanensis the re-
markable ability to “shut down” metabolism and follow with a strong
recovery. Thus, in practice, “dry out” has become a key technique to in-
directly ensure Pyropia yield, with a functional module for “dry out”
conditions being designed into culturing facilities. Therefore, the pres-
ent study could aid in a better understanding of themechanisms behind
desiccation tolerance in P. haitanensis and improve the breeding of des-
iccation tolerant macroalgae.
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